Cutaneous radiation syndrome has severe long-term health consequences. Because it causes an unpredictable course of inflammatory waves, conventional surgical treatment is ineffective and often leads to a fibronecrotic process. Data about the long-term stability of healed wounds, with neither inflammation nor resumption of fibrosis, are lacking. In this study, we investigated the effect of injections of local autologous bone marrow-derived mesenchymal stromal cells (BMMSCs), combined with plastic surgery for skin necrosis, in a large-animal model. Three months after irradiation overexposure to the rump, minipigs were divided into three groups: one group treated by simple excision of the necrotic tissue, the second by vascularized-flap surgery, and the third by vascularized-flap surgery and local autologous BM-MSC injections. Three additional injections of the BM-MSCs were performed weekly for 3 weeks. The quality of cutaneous wound healing was examined 1 year post-treatment. The necrotic tissue excision induced a pathologic scar characterized by myofibroblasts, excessive collagen-1 deposits, and inadequate vascular density. The vascularized-flap surgery alone was accompanied by inadequate production of extracellular matrix (ECM) proteins (decorin, fibronectin); the low col1/col3 ratio, associated with persistent inflammatory nodules, and the loss of vascularization both attested to continued immaturity of the ECM. BM-MSC therapy combined with vascularized-flap surgery provided mature wound healing characterized by a col1/col3 ratio and decorin and fibronectin expression that were all similar to that of nonirradiated skin, with no inflammation, and vascular stability. In this preclinical model, vascularized flap surgery successfully and lastingly remodeled irradiated skin only when combined with BM-MSC therapy. STEM CELLS TRANSLATIONAL MEDICINE 2018;7:569-582
INTRODUCTION
Local, accidental, cutaneous overexposure to ionizing radiation has severe health consequences, especially when the absorbed dose exceeds 25 Gy and skin necrosis occurs [1] . Lesions can rapidly extend beyond the skin surface alone, involving underlying tissue (muscle and bone). The injury evolves by successive but unpredictable inflammatory waves over the first few days to weeks after irradiation, and these lead to horizontal and vertical extension of a process of full-thickness skin necrosis and ulceration [1] . Long-lasting cell dysfunction and stromal changes remain and impair cutaneous integrity.
Radiation-induced fibrosis and necrosis are usually considered intractable. Current therapeutic principles for local irradiation injury mostly involve nonspecific medical and surgical interventions with debridement of necrotic tissue, followed by different approaches including a skin graft, artificial derma application, or a rotation flap. Despite advances in modern plastic surgery techniques, such as skin grafting for the thermal injury, none has proved entirely satisfactory. The unpredictable spatiotemporal course of the substantial inflammatory waves due to irradiation makes conventional surgical treatment often ineffective or even harmful: every surgical procedure appears to stimulate inflammation and the fibronecrotic process [2] . In cases when healing is finally achieved, the scar remains fragile and unstable over time with a high risk of unpredictable upsurges.
Preclinical studies of wound healing have focused on mesenchymal stem cells (MSCs)-nonhematopoietic, adherent fibroblast-like cells with an intrinsic capacity for self-renewal and differentiation-as a possible cell population within the bone marrow that might contribute to cutaneous repair [3] , particularly in radiation burns [4] [5] [6] [7] [8] . Optimum healing of skin wounds is orchestrated by several temporally processes that provide an anti-inflammatory effect, cell proliferation, control of the extracellular matrix (ECM) deposition, angiogenesis, and remodeling [9] . Impairment in this orderly progress of the healing process can lead to wound chronicity. The development of abnormal (e.g., hypertrophic or chronic) scarring may be one of the most common problems after radiation injury due to its functional consequences, especially when treatment includes surgery. Abnormal scars are probably due to overabundant collagen deposition-a cellular response by fibroblasts during the proliferation phase of wound healing [10] . MSC treatment strongly enhances scar quality, which some authors attribute to the greater quantity of collagen within the healed tissue, which increases its tensile strength [9, 11, 12] . The involvement of MSCs in the wound-healing process appears to be crucial in injuries resulting from irradiation exposure, especially for nonhealing wounds resulting from fibronecrosis. Some patients with severe radiological syndrome have been treated with autologous MSCs injection combined with surgery [13] . Most studies demonstrating the protective effects of MSCs [14] describe their short-term (i.e., within a month) protection, but data about long-term protection are sparse.
Wound healing often demands significant long-term medical attention and generally, a period of at least 6-18 months is required for maturation of burn scars [10] . Particularly in radiation burns the important questions concern long-term maintenance without inflammation and or renewed fibrosis. The healing process does not always go as planned, and some scars continue to remodel, grow, and expand, thereby becoming dysfunctional. Control of scar growth is thus important in clinical practice. Pigs are a preferred animal model for skin wounds, due to the similarity between their skin and human skin in architecture, structural epidermal thickness, dermal-epidermal thickness ratios, dermal collagen, and elastic content [15] . Pig skin wounds heal primarily by re-epithelialization rather than contraction, so they are especially useful in studying wound healing and burn lesions.
The aim of this study is to evaluate the long-term effects of bone marrow-derived mesenchymal stromal cell (BM-MSC) treatment on the preservation of wound-healing quality after surgical resection to treat cutaneous radiation overexposure. Our findings show that all the specific surgical treatments of necrotic tissue resulted in the development of a hypertrophic scar and that, despite the placement of the vascularized flap, BM-MSC was also required for remodeling to produce a lasting native dermal matrix.
MATERIALS AND METHODS

Animal Care
FBM minipigs, 12 months old and weighing about 20-25 kg (from La Ferme du Noyer, Bretoncelles, France), were placed in individual pens (21°C, 12-hour/12-hour light-dark schedule) in which they received solid food and had access to water ad libitum. All experiments were conducted in accordance with French regulations for animal experiments (Ministry of Agriculture Order No. A 78322-1, 2011).
Irradiation
Anesthetized (1.5% isoflurane in oxygen) animals received a high x-ray dose (Photon 4 MV, Linear Accelerator Alphee, IRSN, France). The total dose of 90 Gy was delivered in one external beam to the rump, in a 5*5-cm 2 area. The beam field was aligned with the area to be irradiated by onboard lasers. Physical dosimetry was evaluated by thermoluminescent dosimeters, with alumina powder placed in the irradiated area.
Surgery and Cell Therapy
This study included 11 pigs: 3 irradiated pigs that underwent simple excision of the necrotic tissue and wound closure comprised the suture group, 4 irradiated pigs received a fasciocutaneous perforator flap (flap group), and 4 irradiated pigs received a fasciocutaneous perforator flap as well as repeated local administrations of autologous BM-MSCs (flap-MSC group). First, in all groups, 100-110 days after irradiation, the skin necrosis and underlying tissues up to healthy muscle were excised, and all deep fibrosis was removed until bleeding and muscle contraction occurred. In the suture group, the wound was closed by two large undermined skin flaps and absorbable suture. In the flap group, a magnifying lens was used to deepen the incision down into the muscle fascia and allowed us to identify one or more musculo-or septocutaneous perforators. The skin paddle was then designed and a pedicled fasciocutaneous perforator flap elevated. The elasticity of the surrounding skin allowed direct closure of the donor site with absorbable suture. In the flap-MSC group, the same surgical flap technique was supplemented with the cell therapy described below.
The cell therapy was delivered (from passage 0 of the first bone marrow collection, BM1, for details see the next subsection, Isolation, expansion, and characterization of clinical grade porcine MSCs) locally into the wound bed. Each injection consisted of 0.5-1 ml containing 5-10 * 10 6 MSCs, for a total treatment dose of 50-72 * 10 6 BM-MSCs. The first injection was performed in the muscle before that the flap was taken off to cover the entire wound. A second local administration of 50-72 * 10 6 BM-MSCs (from passage 1 of BM1, volume 0.5-1 ml, 5-10 * 10 6 BM-MSCs) took place around the flap and in the muscle under it 1 week after surgery. Similarly, the third and fourth MSC injections (passage 0 and 1 from BM2, see the next subsection) were injected 2 and 3 weeks after surgery (Fig. 1A) . A piece of skin from animals in each treatment condition group (nonirradiated (C), irradiated (Irr), suture, flap without and flap with MSC treatment were sampled close to the scar at the time of surgery for the irradiated © 2018 The Authors STEM CELLS TRANSLATIONAL MEDICINE published by Wiley Periodicals, Inc. on behalf of AlphaMed Press
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group and 1 year after surgery and treatment for the suture, flap, and flap-MSC groups.
The Discovery* IGS 730 angiography system (GE Healthcare, France) was used to perform control angiographic examinations before irradiation, 1 day before surgery, and 1 year after surgery and treatment.
Isolation, Expansion, and Characterization of Clinical Grade Porcine MSCs
Bone marrow (30 ml) was collected from the humeral head of the pigs 12 days before injection, as previously described [16] . The four autologous BM-MSC transplantations required two humeral bone marrow collections (BM1 and BM2). Autologous bone marrow mononuclear cells (BM-MNCs) were expanded in a clinical-grade BM-MSC production process that used 636 cm 2 closed culture devices (Cellstacks, Macopharma, Tourcoing, France) and were seeded at 100,000 cells/cm 2 in GMP minimal essential medium α (α-MEM, Macopharma) supplemented with 10 µg/ml ciprofloxacin (200 mg/100 ml, Aguettant, Lyon, France) and 20% fetal bovine serum (A15-101 PAA, France). After 3-4 days, nonadherent cells were removed and cultures were refed with fresh medium. Thereafter, cultures were fed twice a week, and the adherent fibroblast-like cells (passage 0) were cultured for 2-3 weeks. At that time, they were detached by using recombinant bovine trypsin expressed in corn (Trypzean, Sigma-Aldrich, USA) and numerated by Trypan blue staining. Cells were suspended in a saline solution (0.9% NaCl) supplemented with 0.4% final human albumine (LFB, France) prior to animal administration.
Proliferative Capacity. The number of BM-MSC was evaluated at 3 weeks (end of P0) obtained from BM-MNCs seeded at 100,000 cells/cm 2 by cell culture unit (Cellstacks). Some of the cells were plated at 4,000 cells/cm 2 in new cell culture chambers (passage 1) and allowed to grow for 1 week, until they reached 80%-90% confluence. The proliferation capacity at P1 was determined using the following formula: (N collected in end p1/N plated in beginning p1) * total N obtained in end p0 where N is the number of BM-MSC. Differentiation Assays. For osteogenic differentiation, porcine MSCs were grown for 14 days in α-MEM supplemented with 100 nM dexamethasone (Sigma), 10 mM β-glycerophosphate (Sigma), 0.05 mM ascorbic acid (Sigma), 10 mg/ml ciflox, and 10% FBS (PAA). A colorimetric assay (Vector Blue Alkaline Phosphatase Substrate Kit III; Vector Laboratories) was used to detect alkaline phosphatase activity. Alizarin red S and von Kossa staining (Sigma) were used to identify mineralized bone matrix deposition in cells. To evaluate adipogenic differentiation capacity, cells were grown in basal medium supplemented with 5 ng/ml epidermal growth factor (EGF), 0.5 ng/ml vascular endothelial growth factor (VEGF), 10 ng/ml fibroblast growth factor 2 (FGF2), 20 ng/ml Insulin-like growth factor-1 (IGF1), 0.2 µg/ml hydrocortisone, 1 µg/ml ascorbic acid, 22.5 µg/ml heparin, 1 X antibiotics (gentamicin and amphotericin B), and 2% fetal bovine serum (FBS) (Lonza). After 3 weeks, fixed cells were incubated with an oil red O solution (lipid droplet assay, Cayman Chemical) before examination. Chondrogenic differentiation was induced in cell masses in DMEM high glucose medium (Gibco) supplemented with 100 mM dexamethasone, 1 mM sodium pyruvate, 0.17 mM ascorbic acid, 0.35 mM L-proline, 1 X insulin-transferrin-selenium (Sigma), 5.33 µg/ml linoleic acid (Fluka), 1.25 mg/ml human albumin (LFB), 10 mg/ml ciflox, and 10% FBS (PAA). After 21 days, cell masses were fixed, embedded, and sectioned with a microtome. Acidic mucopolysaccharides were stained with alcian blue solution to demonstrate cartilage matrix production.
Histological and Immunohistochemical Analysis
Freshly isolated skin biopsies from the irradiated area at the time of surgery and close to the scar 1 year after surgery and treatment were fixed in 4% paraformaldehyde and embedded in paraffin. Sections 5 µm thick were dewaxed and hydrated; endogenous peroxidase was blocked with 3% hydrogen peroxide for 10 minutes; and nonspecific binding was blocked with a protein blocker (DakoCytomation, Trappe, France). H&E cross-sections staining were used to evaluate epidermal and dermal thicknesses and the collagen fibers diameter in the dermis reticular layer. Dermal thickness was measured as the distance between epidermal and dermal-adipose layer junction. A total of five measurements were performed from regions of interest generated randomly from the entire skin section using the image analysis software Histolab (Microvision Instruments; France). Collagen deposition was detected by Sirius red staining according to standard methods. A heat-induced epitope retrieval pretreatment method was used for the primary Col3a (Ab7778), tenascin C (TNC) (Ab108930), and S100A4 (Ab27957) antibodies and pretreatment with proteinase K (DakoCytomation) for monocyte/macrophage MAC387 (Thermo Fisher Scientific), α-SMA (Ab5694), and Von Willebrand factor antibodies (A0082, Dako). The EnVision + System (horseradish peroxidase) (DakoCytomation) was used as a secondary reagent for all immunostained sections. The color reaction was developed with the NovaRED kit (Vector Laboratories, Inc., Burlingame, CA) and counterstained with Meyer's hemalun. For Von Willebrand factor, staining was developed with Histogreen substrate (E109; Abcys) and sections were counterstained with Fast nuclear red (H-3403; Vector). α-SMA immunofluorescence staining was performed with goat anti-rabbit Alexa 568 (Molecular probes). Cell nuclei were counterstained by Vectashield mounting medium with DAPI (Vector Laboratories).
TUNEL Detection Assay. To analyze the degree of skin apoptosis, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) immunostaining was performed with the In Situ Cell Death Detection Kit, POD (Roche, Alameda, CA), according to the manufacturer's instructions.
Matrix Metalloproteinases Immunoassays
Total proteins were obtained by skin homogenization in cold PBS containing a standard protease-inhibitor cocktail. The samples were then centrifuged at 10,000g for 10 minutes, and the supernatants stored at −20°C for later measurement. The MMP-2 assay used ELISA kits (R & D Systems, France) according to the manufacturer's instructions. Results are expressed as the mean (±SEM) ng/µg protein after a protein assay with a Pierce BCA protein assay kit.
Matrix Metalloproteinase Activity Assays
Gelatinase activity (MMP2/MMP9) was measured in skin homogenates by fluorometry, with a Molecular Probes EnzChek Gelatin assay kit (Invitrogen Corporation, France). The assay was performed according to the manufacturer's recommendations, and the fluorescent intensity was measured with a spectrofluorometer. Data were expressed as matrix metalloproteinase (MMP) activity in arbitrary units per µg protein.
Real-Time PCR Analysis
Total RNA was extracted from skin with the RNeasy Mini kit (Qiagen), and cDNA was prepared with the SuperScript RT Reagent Kit (Applied Biosystems). Real-time PCR was performed on an ABI Prism 7000 Sequence Detection System. SYBR chemistry (Life Technologies) was used to amplify PCR, with the specific primers listed in Table 1 . All other Taqman primers and probes came from Life Technologies. Data were analyzed by the 2 −ΔΔCt method [17] , with normalization to the Ct of the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase.
Cell Wound Healing Assay
Fibroblasts from the nonirradiated and irradiated cutaneous biopsies were harvested with buffered EDTA, resuspended in serum-free DMEM with 0.1% BSA, and plated into 12-well culture plates ( 
STATISTICS
Data are expressed as means ± SEM. We used one-way analysis of variance and then a Bonferroni post-test to determine the significance of differences. p values less than .05 were considered statistically significant.
RESULTS
BM-MSC Characterization
The pig BM-derived-MSCs presented a characteristic spindle shape and reached confluence by day 14 at passage 0 and day 7 at passage 1 ( Table 2) . Colony-forming unit-fibroblast assays indicated that the percentage of colonies was about 0.002% during P0 and 14.8% in P1. Flow cytometry analysis at P1 showed that cells were positive (>90%) for CD90, CD29, CD44, and SLA-1 surface markers and cells differentiated into adipocytes, osteoblasts, and chondrocytes when cultured in medium that was simultaneously osteogenic, adipogenic, and chondrogenic (Supporting Information Fig. S1 ).
BM-MSC Injections Promoted Recovery of the Wound Caused by Severe Irradiation
The clinical course of these lesions in pigs is similar to that observed in humans and characteristic of cutaneous radiation. Transient erythema appeared, followed first by a clinically silent period and then the onset of dry desquamation at 2 months and skin necrosis by 3 months, without healing (Fig. 1B) . All pigs in the suture group evolved toward early recurrence of radionecrosis within 21 days of surgery, with a chronic ulcerated lesion. Finally, healing was observed at 8 months after surgery, but the scar was atrophic, and integument of the posterior face of the thigh retracted. The flap surgery performed (in both the flap and flap-MSC groups) resulted in good vitality of the flap, which healed with the sutures. But in the flap-MSC group, the coverage was stable over time, with no recurrence of the radiation injury during the 12-month post-surgery follow-up; the flaps were perfectly integrated in their recipient sites, whereas in the flap group necrosis recurred at 3 months and was still seen 12 months later.
The depth of irradiated musculocutaneous area was confirmed by angiographic analysis, with the vascular network between the superficial external and internal (deep) femoral artery drastically decreased, compared with the nonirradiated group (Fig. 1C) . At 1 year, the suture group showed no improvement in the vascular network. Nor was the vascular network restored in the flap group, and a structure of the diameter of internal femoral artery was observed. Although not totally restored, the MSC treatment resulted in a greater vascular network than in the flap group without MSCs. Together these clinical results suggest that covering the 
Abbreviations: eNos, endothelial nitric oxide synthase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PCR, polymerase chain reaction; VEGF, vascular endothelial growth factor. 
BM-MSC Injections Reduced Collagen and HSP47 Expression
The presence of collagen within the ECM is responsible for the strength and resiliency of skin, and it mediates effective wound healing. First, histological analysis of skin section showed a marked reduction of the epidermal thickness and an increase of the dermal thickness at the day of the surgery. In both suture and flap groups, the epidermal and dermal thicknesses were not restored 1-year post-surgery when they were normalized in the flap-MSC group compared with nonirradiated skin ( Fig. 2A) . In nonirradiated skin, the tissue sections stained with Sirius red dyes showed the presence of an undulating dermal-epidermal junction and skin appendages (Fig. 2B) . One-year postsurgery, the epidermis of the suture group showed flattened rete ridges. The dermis contained a high density of collagen fibers with unidirectional alignment, and atrophy of the dermal appendages, similar to the irradiated skin the day of surgery (day 100). On the contrary, both flap groups, with and without MSCs, showed restored epidermal rete ridges, multidirectional alignment (remodeling) of collagen fibers, and dermal appendages, similar to that of nonirradiated skin. But only in the flap-MSC group was the thickness of collagen fibers restored to a level similar to that of nonirradiated skin.
To assess the differences in collagen between groups, we measured the expression level of Col1a and Col3a in tissue samples with real-time PCR. First, Col3a immunostaining showed very intense staining in the dermis with marked staining localized in the papillary dermis of the suture and flap groups, similar to that of irradiated skin at the time of surgery (Fig. 2C) . Only the flap-MSC group showed a net reduction in Figure 2D shows, significant increases in mRNA levels of both Col1a (250-fold, p < .01) and Col3a (11-fold, p < .01) were detected in irradiated tissue the day of surgery, compared with nonirradiated skin. The suture surgery modestly reduced Col1a and Col3a overexpression. Col1 expression fell significantly more after the flap surgery, but remained elevated compared with nonirradiated skin (2.5-fold, p < .01) and showed no major reduction in Col3a overexpression. In the flap-MSC group, however, levels of Col1a and Col3a expression were restored and again similar to those in nonirradiated skin. The resulting ratio of collagen 1/3, as an indicator of tissue quality, confirmed that this ratio returned to normal level only in the flap-MSC group.
Some reports have shown that heat-shock protein HSP47, a collagen-specific intracellular chaperone, plays a specific role in the modification and assembly of collagen [18] and in the development of fibrosis by promoting collagen accumulation [19] . Compared with nonirradiated skin, HSP47 was overexpressed (12-fold, p < .05) in irradiated skin on D100, the day of surgery (Fig. 2E) . The suture surgery did not reduce this overexpression significantly. On the other hand, the level of HSP47 mRNA was significantly downexpressed in flap-group skin and normalized in flap-MSC skin, that is, similar to that in the nonirradiated skin.
Together, these data showed that despite the normal appearance of the epidermis observed after flap surgery, only in the group with both flap surgery and MSC treatment were the nature and structure of these two collagen fibers again similar to those of nonirradiated skin.
BM-MSC Injections Modulated MEC Remodeling
MMPs are also involved in tissue repair and remodeling processes where an imbalance in their activity is often associated with chronic impairment of wound healing [20] ; TIMPs, are the endogenous tissue inhibitors of metalloproteinases. Therefore, we sought to assess the expression levels of various MMPs and TIMPs in the wound tissue of treated animals. On the day of surgery, RT-PCR revealed significant modification of MMPS in the irradiated tissue, with reduced levels of MT1-MMP and increased levels of MMP3 and MMP9 (Fig. 3A) . MT1-MMP expression was fully reestablished in all groups 1 year after treatment, whereas the overexpression of MMP3 and −9 fell back toward normal only in the flap-MSC group. MMP2 expression (gene and protein) increased (protein expression significantly) in the irradiated skin and suture groups, but returned to normal levels in both flap groups. Analysis of gelatinase activity (MMP-2,-9) in skin showed higher MMP activity in irradiated skin the day of surgery than in nonirradiated skin (Fig. 3B ). This activity remained elevated in the surgery groups (suture and flap groups) without MSC treatment. Expression of both Timp-1 and −2 increased significantly in the irradiated tissue (Fig. 3C) , and only in the flap-MSC group did both Timp-1 and −2 return to normal levels. Because collagen synthesis/degradation depends on the dynamic interactions of MMPs and TIMPs, their relations were assessed by the collagen-to-MMP-to-TIMP ratio, a method of defining net collagen deposition [21] that assumes a ratio of one at baseline (here, the nonirradiated skin). Real-time PCR results of the irradiated groups showed that only in the flap-MSC group was this ratio again close to 1 (Fig. 3D) . Decorin is the most abundant proteoglycan in normal dermis; it defines and delimits the fibril surface and promotes the lateral association of collagen fibrils to form fibers and fiberbundles. Because decorin deficits lead to a delay in cutaneous wound healing [22] , we examined its expression level in this animal model. The nonirradiated dermis showed strong staining for decorin, which was associated with collagen fibers (Fig. 3E) . On the day of surgery, the irradiated skin showed very little decorin staining or association with cells. A year later, staining had increased in the papillary dermis of the suture group, but very weakly, and had spread out in the flap skin. In the flap-MSC skin, however, staining was much more important and closely resembled that in nonirradiated skin. Real-time PCR analysis confirmed the significant downregulation-by about 75% (p < .001)-of decorin expression in the irradiated compared with nonirradiated skin (Fig. 3F) . Although not significant, decorin expression decreased by 40% in the suture and flap groups, while in the flap-MSC group it was similar to that in nonirradiated skin. Together these results showed that MSC treatment associated with the flap surgery restored levels of matrix proteins involved in healing.
Fibroblast Activation Depends on Inflammation
Given that the wound repair process is likely to be influenced by inflammation, particularly late in the regenerative or resolving phases when it may induce continued remodeling and excessive scarring [23] , we studied the levels of inflammatory cytokines in the wound area. On the day of surgery, expression 
STEM CELLS TRANSLATIONAL MEDICINE
of the inflammatory cytokines TNF-α and IL-6 was significantly elevated, about 100-and 36-fold (p < .01), compared with nonirradiated skin (Fig. 4A) . At the end of a year, TNF-α and IL-6 expression remained significantly elevated in the suture and the flap surgery groups. In contrast, the group with MSC injections and flap surgery had inflammatory cytokine levels similar to those of nonirradiated skin. MAC387 immunostaining showed increased macrophage density in the dermis with some important foci near the hypodermis in the irradiated skin, while staining was infrequent in nonirradiated skin (Fig. 4B) . In both the suture and flap groups, the stained macrophages, albeit less marked, remained positive throughout the entire depth of the dermis. In the flap-MSC group, staining showed sparse MAC387-positive macrophages, similar to nonirradiated skin.
BM-MSCs Controlled the Accumulation of Fibroblasts/ Myofibroblasts in the Matrix During Wound Resolution
Attenuating myofibroblast differentiation and reducing collagen deposition and matrix production promotes ECM remodeling [24] . First, to determine whether BM-MCSs can regulate the phenotype and activity of irradiated fibroblasts, the two were cocultured. Immunostaining, confirmed by real-time PCR analysis, showed that BM-MSCs decreased α-SMA expression by irradiated fibroblasts (Fig. 5A ). In addition, we used the scratch assay method to test the ability of BM-MSCs to induce fibroblast migration during the wound-healing process (Fig. 5B) . In the presence of BM-MSCs, the migration of nonirradiated fibroblasts accelerated: wound closure reached 50% after 30 hours of coculture, compared with the 48 hours required for fibroblasts without MSCs. Similarly, the migration rate of irradiated fibroblasts increased significantly in the presence of BM-MSCs and reached 50% wound closure at 30 hours of coculture; although the irradiated fibroblasts alone (without BM-MSCs) only attained 20% of wound closure at 72 hours. Accordingly, BM-MSCs enhanced the migration rate by reducing the myofibroblast phenotype.
In chronic remodeling and fibrosis, fibroblasts are aberrantly activated to myofibroblasts, which results in excessive ECM deposition, standard fibroblast activation, on the other hand, is part of the normal wound healing response [25] . Accordingly, we used immunohistochemical staining for α-SMA and S100A4 (so-called FSP1) to examine the prevalence of myofibroblasts and activated fibroblasts, respectively. In the nonirradiated skin, the α-SMA staining (Fig. 6A) was essentially close to blood vessel walls, and low-level S100A4 staining (Fig. 6B) was homogenous in the dermis. On the day of surgery, all vertical layers of the dermis stained intensely positive for both α-SMA and S100A4. A year later, the α-SMA staining in the suture group remained strong in myofibroblasts, blood vessels, and fine collagen, producing a "tram track" appearance. Inversely, only a few α-SMA-positive cells were observed in the flap, mainly located around the blood vessels, while in the flap-MSC group, α-SMA staining around the vessels was similar to that of nonirradiated skin. S100A4 immunostaining was positive in the dermis and quite notable in the papillary dermis of irradiated skin the day of surgery. At the end of the year, S100A4 staining in the suture and flap groups was observed in the deep dermis near the hypodermis and concentrated in a nodule, while in the flap-MSC group, it was close to the vessels and similar to that in nonirradiated skin. It has previously been reported that tenascin-C expression is transient [26] , occurring and at high levels only during wound healing and not present in either unwounded or healed tissue. Its persistence promotes fibrosis. On the day of surgery, immunostaining showed "mirror" S100A4 staining, with intense tenascin-C staining throughout the dermis, while it was largely absent in nonirradiated skin. This tenascin-C staining decreased after surgery (suture and flap) but nonetheless remained intense in the deep dermis; it was absent in the flap-MSC group (Fig. 6C) .
The differentiation of fibroblasts into myofibroblasts depends on profibrogenetic factors, mainly TGF-β1, and the presence of specialized matrix proteins, such as fibronectin [27] . Accordingly, real-time PCR analysis confirmed the overexpression of α-SMA, TNC, TGF-β1, and fibronectin (FN1) in skin on the day of surgery as well as its maintenance at significantly elevated levels after the suture surgery (Fig. 6D) . In the flap group, compared to nonirradiated skin, α-SMA, TGF-β1, and FN1 expression were downregulated while TNC remained significantly increased. On the contrary, the expression of all returned to normal levels in the flap-MSC group. Cellular apoptosis was assayed by TUNEL staining (Fig. 6E) , because apoptosis is a mechanism of myofibroblast resolution. Thus, on the day of surgery, TUNEL staining showed a large number of apoptotic cells in epidermis-papillary dermis and in the deep dermis, indicative of marked remodeling. A year after both suture and flap surgery, however, the TUNEL-positive cells remained higher than in the nonirradiated skin, albeit lower than in the irradiated skin, while their level in the flap-MSC skin was similar to that in the nonirradiated skin. The apoptotic cells quantification confirmed the normalization of the TUNEL staining observed with the BM-MSC treatment (Fig. 6F) .
MSC Injections Accelerated Restoration of Vascular Structures
Numerous studies have demonstrated the proangiogenic role of MSCs [28] , but the long-term maintenance of the vascular structure has remained unknown. We used immunohistochemical labeling for Van Willebrand factor to observe the blood vessels. Irradiated skin showed a paucity of blood vessels compared with nonirradiated skin (Fig. 7A) . A year after surgery the number of vascular structures remained limited in the suture and flap groups and were found mainly in the papillary dermis. In contrast, the flap-MSC skin contained significantly more vascular structures, with the vessels taking on a vertically oriented pattern perpendicular to the skin surface, similar to the structure of nonirradiated skin. The loss of vessels observed the day of surgery and a year later in the suture and flap groups was confirmed by the repression of angiogenic factors such as VEGF and eNos, compared with their levels in nonirradiated skin (Fig. 7B) . In the flap-MSC skin, vessel restoration was accompanied by the normalization of VEGF and eNos expression.
DISCUSSION
Current research on irradiation burns is focusing on the regeneration of functional skin with integrity similar to that of the intact tissue surrounding it. Long-term medical attention is generally needed, with a period of at least 6-18 months required for the maturation of thermal burn scars [10] . The difficulty in treating cutaneous radiation syndrome lies in the unpredictable inflammatory waves that can recur weeks to years after tissue injury: they make healing fragile and unstable over time and conventional surgical treatment ineffective [2] . It now appears that stem cell therapy combined with surgery may become indispensable for treatment of high-grade radiation injuries. The aim of this study was to assess the quality of long-term wound healing after conventional resection of necrotic tissue and the placement of a vascularized flap and, especially, the added benefits of MSC therapy, expanded according to a clinical-grade protocol and associated with the flap surgery.
The remodeling/resolution phase of wound healing, in contrast to the much shorter phases preceding, it (hemostasis and proliferation) can last for months to years and is thought to be delayed in skin-related fibrotic disorders such as keloid scarring. The risk of impaired wound healing is particularly important with irradiated skin, where the unpredictable spatiotemporal course of inflammatory waves [1] increases the incidence of fibrosis. Our data confirmed that the remodeling process fails after simple resection of fibrotic-necrotic tissue and results in the long term in a hypertrophic scar. Clinical observations in this study showed that the scars in the group receiving simple suture surgery to cover cutaneous defects appeared hypertrophic at 8 months after surgery and were retractile at 12 months. On the contrary, the scars in both flap surgery groups (with and without MSC treatment) were visually nonpathologic.
Optimal outcome of cutaneous wound healing involves regeneration of the normal architecture and function of the skin. Histological analysis showed that BM-MSC treatment reestablished both epithelization limiting epidermal atrophy induced by irradiation and dermal thickness. Probably, BMMSCs acted on epithelization by enhancing proliferation of resident epidermal cells in the presence of epidermal growth factor, possibly produced by bone marrow cells or by their differentiation into epidermal cells [29] . In the dermal level collagens control tissue architecture, tensile strength, and cell-ECM interaction, and organized collagen deposition is associated with improved wound maturation. Among the characteristic histological changes in irradiated skin, a unilateral arrangement of collagen fibers has been previously reported in patients with complications after expander/implant reconstruction of irradiated skin [30] . We thus noted that the multidirectional arrangement of collagen was not restored in the long term after simple excision of the fibrotic/necrotic area, but was re-established after flap surgery (with and without MSC treatment).
Interstitial collagens type 1 and type 3 are major constituents of the ECM that supports skin structure. Although type 1 and type 3 collagen fibers coexist within individual fibrils, their relative ratios play an important role in the regulation of fibrillogenesis and in the determination of the final fibular diameter and bundle architecture [31] , with the mature type-1 collagen responsible for mechanical stability, whereas type-3 collagen forms thin fibers and can be regarded as immature collagen of the early wound healing process. In our study, immunohistologic and gene expression analyses revealed a predominance of collagen deposition with excess levels of Col1 in the suture surgery group and Col3 in the flap group. This collagen imbalance may signal the failure to transition to the resolution phase. Col1 excess is an indicator of pathological scarring evolving to fibrosis [32] . Likewise, and compared with nonirradiated skin, the higher proportion of Col3 relative to Col1, combined with the increased fiber thickness observed in the flap, may be related to either immature wound healing or a chronic wound [33] . Our study shows that MSC injections normalized both Col3 and 1 deposition.
Moreover, collagen degradation is as important as collagen synthesis in the process of wound healing. It involves MMPs and TIMPs [12] . The collagen-to-MMP-to-TIMP ratios in our study confirm elevated collagen production in both the suture and simple flap surgery groups, resulting in the failure of the matrix to mature. When flap surgery was combined with MSC treatment, however, the balance of collagen synthesis/degradation was restored and, especially, maintained over the long term.
ECM composition and organization are controlled by ECM proteins such as decorin and fibronectin. These proteins, which are reported to prevent fibrosis [34] , have been shown to be expressed at similar levels in mature scars and in normal skin. These levels, however, are reduced in early wound healing and delayed in abnormal wound healing (such as in post-irradiation hypertrophic scars) [22] . Consistent with this pathophysiological range, immunostaining and gene expression revealed that after flap surgery and MSC treatment both decorin and fibronectin levels were similar to those of normal skin, while their expression was insufficient after both suture surgery and flap surgery alone. Inflammation clearly influences the wound repair process [24] . In the immature matrix, downregulation of decorin and fibronectin, associated with chronic inflammation, induced continued matrix production, and a lack of tissue architecture. This damage is particularly drastic when inflammation occurs late, during the regenerative and resolving phases. In irradiation contexts, little is known about how inflammation reappears during a late phase, long after exposure: what stimulus incites it? What signal failures cause the inflammatory response to continue? In the group with suture surgery and even in the group with a vascularized flap (but no MSCs), notable macrophage staining persisted a year after surgery and was seen as an inflammatory nodule in both the papillary and the deep dermis.
In this study, we used the Mac387 antibody, because it recognizes calprotectin, which is associated with the cytoskeleton of neutrophils, monocytes, and a subset of reactive macrophages during the early stage of monocyte/macrophage differentiation. Interestingly, excess calprotectin over a long period appears to cause local tissue destruction, including by inducing apoptosis in fibroblasts [35] . Inversely, the macrophages were also responsible for clearing apoptotic cells, thus impelling resolution of the inflammation. Macrophages thus appear to promote transition to the proliferative phase of healing. Figure 6E , at the same time that it depicts the increase of Mac387-positive cell staining, shows the strong presence of apoptotic cells in the irradiated skin and their continuing importance in both the suture and flap surgery groups. At this point in time (1 year after surgery), it remained difficult to differentiate chronic wound inflammation from delayed/unfinished wound healing occurring in the flap surgery. On the contrary, in the group with flap surgery and MSC treatment, the levels of both apoptotic cells and Mac387-positive cells were similar to those in normal skin.
Until now, the long-term persistence of the anti-inflammatory process induced by the MSC injection was unknown. Some reports showed that fibroblasts were the cell type mainly responsible for both synthesizing and degrading ECM components. Of interest for scarring, these studies also showed that both collagen fragments released during degradation and endogenous molecules released from necrotic tissue are chemotactic for inflammatory cells [36] . In this study, we observed the fibroblast presence as a nodule, displayed by S100a4 staining, in the flap surgery group, whereas with the MSC treatment fibroblast distribution was homogenous throughout the deep dermis. The persistence of fibroblast activation areas contributed to the imbalance in the ECM synthesis/degradation process [26] ; MSC treatment, by stabilizing fibroblast activation, might compromise the positive feedback loop between excessive ECM protein in dermal fibroblasts and inflammation.
The achievement of durable wound healing requires the formation of a vascular network to regenerate the wound. Imbalanced angiogenesis regulation can result in abnormal scarring, delayed wound healing, and chronic wound formation. Many ECM molecules, including collagen and fibronectin, have proangiogenic properties that promote endothelial cell survival (which depends on cell-ECM interactions), growth, migration, and tube formation [37] . By sequestering angiogenic factors, the ECM plays an important role in stabilizing blood vessels, which is particularly essential in the remodeling phase [37] . Endothelial cell differentiation/migration and tube formation all occur in the absence of fibronectin, but the maintenance of the vessel requires fibronectin. This maintenance state is especially important in the late phase of remodeling. We noted in this study that ECM quality was similar in flap-MSC skin and nonirradiated skin and associated with similar levels of vascular density and angiogenic factors (VEGF, eNOS). Interestingly, fibronectin bound to VEGF and enhanced VEGF-induced endothelial cell migration [38] .
CONCLUSION
In the cutaneous radiation syndrome, ECM synthesis is an important step in the skin regeneration process, resulting in tissue remodeling with less scar formation and long-term maintenance of wound healing with neither inflammation nor recurrent fibrosis. On irradiated tissue, simple excision of fibrotic areas reinitiates fibroblastic activation that drives excess ECM production and results in a hypertrophic scar (Fig. 8) . Vascularized flap surgery appears to prevent excessive ECM deposition; but the failure to produce ECM proteins prevents the matrix from maturing over the long term, resulting in persistence of inflammatory nodules and loss of vessels. The MSC therapy associated with vascularized flap surgery provided durable repair, probably by stabilizing fibroblast activation and ECM protein expression, therefore contributing to a mature ECM devoid of inflammation and enabling vascular stability.
